Two inhibitors of the biosynthesis of aspergillin, the black spore pigment of Aspergillus niger, have been investigated. 2,4-Dithiopyrimidine exerted its inhibitory effect by intracellularly chelating cupric ion required for normal pigmentation. Dimethylsulfoxide prevented the synthesis of certain phenolic precursors of the native pigment. Partial purification and characterization of pigments from mature cultures revealed the presence of at least three components: (i) a high-molecular-weight (-20,000) native pigment fraction in untreated mold cultures, (ii) a lower-molecular-weight (-5,000) melanin pigment found in both types of inhibited cultures, and (iii) a low-molecular-weight (368) green pigment found only in the 2,4-dithiopyrimidine-inhibited cultures and proposed to be a pentacyclic quinonoid derivative. A pathway for aspergillin biosynthesis is suggested based on these results.
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Although aspergillin, the native black spore pigment of Aspergillus niger, has been studied extensively since its isolation by Linossier in 1891 (8) , most early investigations on this pigment have dealt with structural determinations rather than biosynthesis.
Aspergillin was originally classified as a melanin (12) or a humic acid (5) , and one report suggested that protein found in pigment preparations was an impurity (10) . A later, more detailed structural study (2) stated that a perylene quinone nucleus (16) and protein were components of the native pigment.
In this investigation, two specific inhibitors of pigmentation, 2,4-dithiopyrimidine (DTP) (3) and dimethylsulfoxide (ME2SO) (6) , were used to study aspergillin biosynthesis.
MATERIALS AND METHODS
Strains and growth conditions. The wild-type strain of A. niger studied by Behal and Eakin (3) was used for all results reported here. However, ATCC strains 10254, 1004, and 6275 were also determined to be sensitive to the effects of DTP and ME2SO. Strains were cultured on modified CzapekDox medium. This basal medium contained glucose (45 g), NaNO3 (4.5 g), KH2PO4 (12.0 g), KCl (0.75 g), MgSO4-7H2O (0.75 g), water to make 1.0 liter, and H3PO4 to adjust the pH to 3.0. Inocula were prepared on paper disks (21 mm in diameter from Whatman no. 1 filter paper) dipped into a warm spore suspension (2 mg of a desiccated spore preparation in 50 ml of a 0.1% aqueous agar solution) and dried. The inoculated disks were floated on 1.0 ml of medium in depressions (1.2-ml capacity, 21 mm in diameter) of glass spot plates. This method allowed a large number of replicate determinations in which dense pads could develop synchronously (3) .
When large amounts of spores were required, cultures were grown in petri plates on basal medium supplemented with 0.5% agar and 0.4 ,ug of Cu2+ per ml.
All cultures were incubated at 29 C. The procedure for transferring pads from one medium to another was that used by Behal and Eakin (3) .
Pigment extraction and estimation of growth and pigment synthesis. Extracts of cultures were used in determining the amount of pigment production per mycelial pad. Each pad was steamed for 20 min in 5 ml of 1 N NaOH. Extracts used for gel filtration were prepared from petri dish cultures by steaming 20 min in 25 ml of 1 N NaOH, homogenizing, and removing cellular debris by centrifugation (18,000 x g for 15 min).
The method of Lowry and co-workers (9) was used for phenolic determinations on 0.1 ml of alkaline extracts. Amount of growth was expressed as weight of dried mycelial pads (minus paper disk weight). Amount of pigmentation was expressed in terms of weight of pigment formed per pad. Pigment weights were measured as optical density at 430 nm (OD430) of alkaline extracts. These readings were compared to a standard curve obtained using known amounts of reference native pigment. Amount of pigmentation or coloration in treated cultures was also expressed as a ratio or percentage of the OD430 (ii) Brown pigment. The brown pigment present in DTP-(250 gAg/ml) and ME2SO-(4 mg/ml) treated 6-day cultures was obtained by the same method used for native pigment. The yield was approximately 5% of the weight of the dried mycelial pads.
(iii) Low molecular weight or green pigment from DTP-treated cultures. Dried mycelial pads (100 g) from 6-day cultures inhibited with 250 ,ug of DTP per ml were ground and extracted with 1 liter of acetone. The extract was centrifuged (2,500 x g, 15 min) and filtered, and the extraction process was repeated on the pellet five to six times. The successive acetone solutions were each extracted with 100-ml portions of 50% KOH. The alkaline fractions were pooled and 12 N HCI was added dropwise to reduce the pH to 2 and precipitate the pigment. This pigment was collected by low-speed centrifugation and dissolved in 300 ml of aqueous solution (to dissolve solid KCI) brought to alkalinity by addition of 1 N NaOH. The pigment was reprecipitated with 3 N HCI, collected by centrifugation, and dissolved in 10 ml of 1 N NaOH. This solution was chromatographed on Sephadex G-25 (column dimensions, 4.9 by 12.5 cm; eluant, 1 N NaOH). The fractions containing the low-molecular-weight green pigment were pooled. The pigment was acid precipitated, collected by low-speed centrifugation, dissolved in 10 ml of 1 N NaOH, and chromatographed on Sephadex G-50 (column dimensions, 4.9 by 15.5 cm; eluant, 1 N NaOH). The elution profile consisted of a single sharp peak. After pooling appropriate fractions, the pigment was acid precipitated and collected by low-speed centrifugation. To further remove inorganic material, the pigment was dissolved in 0.01 N NaOH, acid precipitated, and collected by centrifugation. This procedure was repeated twice. The final precipitate was washed three times with 0.005 N HCI and dried in vacuo. The average yield of pigment was 0.025% of the weight of the dried mycelial pads.
To estimate purity of the green pigment, its alkaline solutions were analyzed by vertical starch gel electrophoresis (15) 
RESULTS
Growth and pigment synthesis in untreated cultures were determined in initial experiments. The weights of mycelial pads reached a maximum at 100 h, and the maximum rate of normal pigment synthesis occurred from 80 to 140 h of development (Fig. 1) . The final weight of pigment approached 15% of that of cellular dry weight.
Among supplements added to basal medium to stimulate pigment formation, only Cu2+, a known requirement for A. niger pigmentation (7, 17) , was consistently effective. Media supplemented with 4 to 20 ,ug of Cu2+ per ml produced maximum pigmentation without affecting growth. In the presence of Cu2+, stimulation of aspergillin synthesis was not detected until 80 h (Fig. 1) . However, this ion should be added to the medium early in the incubation period to obtain the optimal effect ( (Table 4) , a time just prior to the maximum rate of pigment formation in untreated mycelial pads (Fig. 1) .
The effect of DTP was partially reversed by exogenous Cu2+. However, since Cu2+ and DTP form an insoluble yellow complex in the medium, it is difficult to analyze for intracellular phenomena involving these two reactants. Nevertheless, cultures were preincubated with Cu2+ (4 to 75 ,ug/ml) from 24 to 72 h, transferred to DTP-containing (250 ,ug/ml) media, and incubated for an additional 72 h. A slight but consistent reversal of the DTP effect was observed in these cultures. The 12 to 15% increased pigment production over that attributable solely to Cu2+ stimulation in controls suggested that Cu2+ and DTP were interacting intracellularly in some as yet undefined manner. The facts that Cu2+ and DTP were most effective at different times of development (Cu2+ early versus DTP late) and that DTP was absorbed by the mold (70 to 80 ,ug) gradually throughout development support this hypothesis.
Two known cupric ion chelators, cuprizone (11) and diethyldithiocarbamic acid (13), were found to be moderate inhibitors of sporulation but had no apparent effect on pigment synthesis. As these compounds create Cu2+ deficiencies in the medium, the fact that they did not mimic the effects of DTP is taken as further evidence of a separate and intracellular reaction between DTP and Cu2+.
Gel filtration chromatography ( Fig. 2A solutions of the pigments showed that the green pigment contained the 430-to 440-nm chromophore of the native pigment and had a considerably higher absorbance. Solutions of the two brown pigments absorbed very weakly throughout the visible region and had essentially identical spectra. The infrared spectra of all the pigments exhibited broad, poorly resolved peaks with bands representative of hydroxyl, conjugated carbonyl, and aromatic groups. The spectra of the two brown pigments from DTP-and ME2SO-inhibited cultures were identical and similar to the infrared spectra of some natural melanins (4) .
The green pigment formed sparingly soluble green salts in dilute alkaline solution and exhibited a strong infrared band at 1,625 cm-' corresponding to a conjugated carbonyl. The fact that this compound was colored and contained no nitrogen suggested that it was a quinone. Lowry determinations (9) on alkaline solutions of the pigment indicated that it was indeed phenolic. Mass spectrometry of the green pigment yielded a strong molecular ion peak at 368 mle and essentially no high-molecular-weight fragments. Such patterns are indicative of stable aromatic structures. This molecular weight corresponded to the empirical formula C,9HI208 established by elemental analysis. This molecular formula ruled out a perylene quinone nucleus for the green pigment. Nuclear magnetic resonance studies of the compound dissolved in ME2SO determined on a Varian MHz at room temperature carried out concurrently with D20 exchange revealed that only exchangeable protons and hydroxyl groups were present in the structure. After allowing the sample to equilibrate with D20, no proton peak except that attributable to water was evident. Initially, broad singlets appeared at 86.5 and 5.3, the latter being assigned to hydroxyl function. Both peaks were lost after exchange with D20 with the appearance of a singlet at 64.55 To account for these data, the hexahydroxyl pentacyclic quinonoid structure in Fig. 3 can be proposed.
The observation of no nuclear magnetic resonance signal after D20 exchange probably means that the six ring protons are doubly activated and are exchangeable (probably quite rapidly) with deuterium. D20 may serve as a base in such instances.
An attempt was made to convert green pigment to native pigment by cell free extracts from A. niger. Homogenates of ME2SO (4 to 8 mg/ml)-inhibited cultures were prepared by grinding 100-h pads in cold phosphate buffer with sand. Extracts were centrifuged to remove cellular debris and incubated with varying amounts of green pigment for 24 h at 30 C. The resultant reaction mixtures were fractionated on a G-50 column, and the elution profiles were compared with those of appro- Cultures were grown in the presence of a constant DTP concentration and varying amounts of Cu2+ with these substances added at time of inoculation. NaOH extracts of these pads were analyzed on G-50 columns (Fig. 4) The early requirement for Cu2+ suggests that this ion is probably bound into an enzyme system prior to pigment synthesis and that DTP reacts with this complexed Cu2+ in some undefined manner during pigment formation.
The pathway postulated here is novel in two respects. It proposes a role for complexed Cu2+, and it presents a scheme wherein the chromophore of a pigment is synthesized prior to final polymerization of the native pigment (1) . The processes needed to form aspergillin may involve high-molecular-weight melanins which have sites available for saturation by pentacyclic quinonoid derivatives. Proteins may be involved at this juncture. The reactions represented by this pathway apparently do not influence earlier stages of development of the mold but seem to involve events such as Cu2+ assimilation which may actually precede aspergillin synthesis by many hours.
